The neurotrophin brain-derived neurotrophic factor (BDNF) inhibits food intake, and rodent models of BDNF disruption all exhibit increased food intake and obesity, as well as hyperactivity. We report an 8-year-old girl with hyperphagia and severe obesity, impaired cognitive function, and hyperactivity who harbored a de novo chromosomal inversion, 46,XX,inv(11)(p13p15.3), a region encompassing the BDNF gene. We have identified the proximal inversion breakpoint that lies 850 kb telomeric of the 5 end of the BDNF gene. The patient's genomic DNA was heterozygous for a common coding polymorphism in BDNF, but monoallelic expression was seen in peripheral lymphocytes. Serum concentration of BDNF protein was reduced compared with age-and BMI-matched subjects. Haploinsufficiency for BDNF was associated with increased ad libitum food intake, severe early-onset obesity, hyperactivity, and cognitive impairment. These findings provide direct evidence for the role of the neurotrophin BDNF in human energy homeostasis, as well as in cognitive function, memory, and behavior. Diabetes 55: 3366 -3371, 2006 G enetic studies in patients with severe obesity have established the importance of signaling through the leptin-melanocortin axis in the regulation of human energy homeostasis (1-3). Recently, the concept that hypothalamic neuronal networks involved in energy homeostasis are "hardwired" has been challenged. In mice, hypothalamic neurones projecting from the arcuate nucleus to the paraventricular nucleus develop after birth, and their development is regulated by leptin (4). In addition, synaptic plasticity in the mature rodent brain has been identified as a component of the neuronal regulation of energy homeostasis, as leptin has been shown to acutely modulate excitatory and inhibitory synaptic inputs at the level of first-order arcuate neurones (5). However, it is difficult to establish whether synaptic plasticity plays a role in the physiological regulation of energy homeostasis in humans and whether, under pathological conditions, hypothalamic neuronal networks and plasticity may be impaired and contribute to human obesity.
G
enetic studies in patients with severe obesity have established the importance of signaling through the leptin-melanocortin axis in the regulation of human energy homeostasis (1) (2) (3) . Recently, the concept that hypothalamic neuronal networks involved in energy homeostasis are "hardwired" has been challenged. In mice, hypothalamic neurones projecting from the arcuate nucleus to the paraventricular nucleus develop after birth, and their development is regulated by leptin (4) . In addition, synaptic plasticity in the mature rodent brain has been identified as a component of the neuronal regulation of energy homeostasis, as leptin has been shown to acutely modulate excitatory and inhibitory synaptic inputs at the level of first-order arcuate neurones (5) . However, it is difficult to establish whether synaptic plasticity plays a role in the physiological regulation of energy homeostasis in humans and whether, under pathological conditions, hypothalamic neuronal networks and plasticity may be impaired and contribute to human obesity.
Brain-derived neurotrophic factor (BDNF) regulates the development, survival, and differentiation of neurons through its high-affinity receptor, tropomyosin-related kinase B (TrkB) (6) . Unlike other neurotrophins, BDNF is secreted in an activity-dependent manner that allows for highly controlled release (7) . Recently, BDNF has been implicated in the regulation of body weight, as its expression is reduced by fasting (8) , and BDNF administration causes weight loss in wild-type mice through a reduction in food intake (9) . BDNF has also been implicated in memory and a range of behaviors using a number of conditional knockout models (10 -14) .
To date, no humans have been described with null alleles of BDNF. A common polymorphism in the human BDNF gene, Val66Met (dbSNP no. rs6265), which appears to result in impairment of intracellular trafficking and reduced activity-dependent secretion of BDNF by cultured hippocampal neurons, is associated with poorer episodic memory and abnormal hippocampal activation using functional magnetic resonance imaging (15, 16) . One study (17) has associated this single nucleotide polymorphism with eating disorders. In 5,614 U.K. Caucasian subjects, we found no association between the Val66Met polymorphism and BMI (J.G., I.S.F., S.O.R., personal observations). We previously reported a child with severe obesity, impaired short-term memory, and developmental delay who had a de novo missense mutation impairing the function of TrkB, the tyrosine kinase receptor that mediates the effects of both BDNF and the neurotrophin, NT4/5 (18) . We now report a patient with severe hyperphagia and obesity and a complex neurobehavioral phenotype, including impaired cognitive function and memory and distinctive hyperactive behavior. Interestingly, this patient has a de novo paracentric inversion, 46,XX,inv(11)(p13p15.3), which encompasses the BDNF locus. We went on to fine map this rearrangement with the use of fluorescence in situ hybridization (FISH).
RESEARCH DESIGN AND METHODS
DNA isolation from bacterial artificial chromosomes. Clones from the RPCI-11 libraries were obtained from BACPAC Resources Center (http:// bacpac.chori.org/home.htm). Clones were amplified on Luria-Bertani agar plates with 20 g/ml chloramphenicol and incubated overnight at 37°C. Single colonies were picked and inoculated into 5-ml cultures of Luria-Bertani broth, supplemented with the appropriate antibiotic, and grown overnight at 37°C at 215 rpm. DNA was isolated using a QIAprep Spin Miniprep kit (Qiagen). FISH. A total of 500 ng miniprep DNA was labeled with SpectrumOrange dUTP by nick translation (Vysis). After incubation at 15°C for 15 h, the probe was ethanol precipitated and resuspended in 6 l Tris-EDTA buffer. Then, 80 ng of probe was hybridized to metaphase chromosomes with 1 g cot Ϫ1 DNA, 15 l hybrisol VI (Appligene-oncor), and 10 ng chromosome 11-specific probes (Vysis). Slides were analyzed using a Leica DMRB epifluorescence light microscope and images recorded using SmartCapture 2 software. Genomic DNA extraction from lymphoblastoid cell lines. Genomic DNA was extracted from lymphoblastoid cell lines using a DNeasy Tissues kit (Qiagen), according to the manufacturer's instructions. DNA was then ethanol precipitated and resuspended in Elution Buffer (Qiagen). Southern blots. PCR was used to generate ϳ500 bp probes mapping to restriction fragments of the genomic region of interest, using bacterial artificial chromosome (BAC)-derived miniprep DNA as a template. Primers were designed using Blast-like alignment tool (BLAT) analysis (http://www. genome.ucsc.edu/cgi-bin/hgBlat) and optimized to avoid nonspecific binding to genomic DNA. PCR products (10 ng/l) were labeled with P32 using Rediprime Randon Prime labeling kit (Amersham Biosciences).
Control or patient genomic DNA (10 g) was digested at 37°C for 8 h with 1 l NEB HindIII restriction enzyme (100,000 units/ml). Samples were loaded onto agarose gels, electrophoresed overnight, and transferred onto Imobilon-P transfer membranes (Milipore). Membranes were neutralized and ultraviolet cross-linked before incubation with prehybe solution (containing 10 g/l salmon testes DNA) at 65°C for 4 -6 h, with fresh prehybe solution after 2 h. Labeled probe was added to fresh hybe buffer and hybridized to membranebound DNA overnight at 65°C. Membranes were washed with stringency washes and exposed to film at Ϫ80°C for 3-7 days. Serum BDNF measurement. BDNF serum protein levels were measured after an overnight fast using a commercially available enzyme-linked immunosorbent assay. Serum BDNF in the patient was compared with age-matched normal weight control subjects and age-matched obese girls and boys (Ͼ95th percentile; mean BMI SDs 2.3 for boys, 2.6 for girls). Clinical phenotyping. The patients and their relatives were invited to the Wellcome Trust Clinical Research Facility at Addenbrooke's Hospital, Cambridge, U.K. The clinical studies were performed after approval by the local regional ethics committee of Cambridge. All clinical studies were conducted in accordance with the principles of the Declaration of Helsinki and performed as previously described (18) . A number of cognitive and behavioral tests were used in the BDNF patient and compared with the previously reported patient with a TrkB mutation and normal control subjects of the same age (see online appendix 1 for details and references [available at http://diabetes.diabetesjournals.org]).
RESULTS
We identified a patient with severe obesity and hyperphagia, as well as a complex neurobehavioral phenotype, who harbored a chromosomal inversion, 46,XX,inv(11) (p13p15.3), determined by chromosome banding analysis (Fig. 1A) . Both parents were of normal intelligence and body weight and had a normal karyotype. Paternity was confirmed by conventional haplotype analysis, indicating that the inversion in the patient occurs de novo. There are ϳ100 known transcripts in the inversion region, extending from the proximal breakpoint in 11p14.1 to 11p15.3 (NCBI MapViewer, Human Build 36). Of these, ϳ15 are known to be predominantly centrally expressed. For six of these, mice knockouts or hypomorphs have been generated, and, in a few cases, human mutations have been associated with disease. None of these rodent models or human mutations have been associated with a comparable neurobehavioral and obesity phenotype when disrupted. BDNF is located within this chromosomal region. As BDNF deficiency in rodents results in severe obesity, impaired memory, and hyperactivity, we investigated whether this inversion disrupted the BDNF gene itself or BDNF expression.
FISH with a locus-specific BAC probe determined that BDNF itself was not disrupted, and there was no evidence of deletion or duplication of BDNF (data not shown). Subsequently, FISH studies using a number of probes from BAC clones in the 11p14 region (online appendix Table 1 ) enabled the identification of the proximal breakpoint of the inversion to lie within BAC clone RP11-1061A15 (accession no. AQ672557) (Fig. 1B ). This clone is ϳ850 kb upstream of BDNF (Fig. 1C ). This breakpoint was further localized by Southern hybridization analysis. In the patient, a 5.5-kb HindIII junction fragment was observed in addition to the expected 8.7-kb wild-type fragment (Fig.  1C ). There are no known genes within the 8.7-kb fragment (genomic localization 28,536,297-28,545,001 bp), confirming that none have been physically disrupted by the proximal breakpoint.
Since the BDNF gene itself was not physically interrupted, we hypothesized that a position effect resulting from the inversion may have disrupted its expression. The patient was heterozygous for the common BDNF coding polymorphism, Val66Met. Therefore, we examined whether both alleles of her BDNF gene were expressed equally in patient-derived cells expressing BDNF. We examined Epstein-Barr virus-transformed lymphoblastoid cells from normal-weight subjects who were also heterozygous for the Val66Met polymorphism and showed, firstly, that BDNF mRNA was readily detected in these cells and, secondly, that both alleles were always detectable in expressed RNA from heterozygous normal subjects (data not shown). In contrast, RNA from the proband's lymphoblastoid cell line consistently showed exclusively monoallelic expression confirming the hypothesis that the chromosomal inversion disrupted the expression of BDNF (Fig. 2A) . Supporting evidence for this was provided by the finding of low serum levels of BDNF in the proband compared with subjects matched for age alone or for age and degree of obesity (Fig. 2B) . The low serum concentration of BDNF in this patient was not explained by platelet count, which is the only factor, other than age, reported to influence serum BDNF in children (19) .
We went on to study the metabolic and neurobehavioral phenotypes associated with BDNF haploinsufficiency after informed consent was obtained from the family. The patient was born at term (birth weight 3.3 kg) but experienced breathing abnormalities shortly after birth and was admitted to a neonatal intensive care unit. Developmental milestones were delayed with a specific impairment of speech and language development. The child rapidly gained weight from age 4 months, deviating from the predicted percentiles in the 1st year of life (Fig. 3A) . One notable aspect of the patient's behavior in early childhood was extreme hyperactivity, an unusual finding in severe obesity. The patient also had "no concept of danger" and impaired nociception on clinical examination.
The BDNF-haploinsufficient patient was reported to be hyperphagic under free-living conditions, and the hyperphagia was confirmed using an 18-MJ ad libitum test meal administered after an overnight fast. The subject ate 153 kJ/kg lean body mass, three times that of control subjects (Fig. 3B) . At age 8 years, her BMI was 4.3 SD above the age-related population-based mean. Basal metabolic rate measured by indirect calorimetery was comparable to that predicted by age-and sex-specific equations (Fig. 3C) . The patient had a normal blood glucose (4.3 mmol/l) but had fasting hyperinsulinemia (332 pmol/l; 0 -60 pmol/l). Full serum lipid profile, thyroid function tests, and insulin-like growth factor-1 concentrations were in the normal range (data not shown).
When investigated at 9 years of age, the proband was shown to have evidence of a global impairment of IQ to a level that was comparable with the patient with a mutation in TrkB (Table 1 ). The proband showed some repetitive behaviors as indicated by parental reports on the social communication questionnaire. Commensurate with a general impairment of IQ, both patients showed deficits on tests of language, numeracy, attention, and memory, including short-term memory (Wechsler Intelligence Scale for Children-III digit span) ( Table 1 and online appendix 1).
Although poor memory performance may have been confounded by difficulties in focusing attention and/or comprehending task instructions, it is of interest to note the striking similarity in the performance of the two patients using this detailed cognitive assessment. Both the BDNF-haploinsufficient patient and the patient with the TrkB mutation ranged from exceptionally low to low performance on tests of IQ, memory (with the exception of visual memory subtests and Sunderland Memory Questionnaire in the BDNF-haploinsufficient patient [online appendix 1]), language, numerical abilities, and attention. Furthermore, the poor attention scores (in the Test of Everyday Attention for Children) correlated with the observed hyperactivity in both patients.
DISCUSSION
Given the unusual and distinctive combination of impaired cognitive function, hyperactivity, and severe obesity and the similarities in phenotype to a previously reported patient with a mutant TrkB and the strong evidence for loss of expression of one allele of BDNF, it would seem highly plausible that the clinical phenotype in this patient has resulted from a reduction in BDNF. However, the patient does harbor a chromosomal inversion and not a simple loss of function mutation, and it is possible that some aspects of her phenotype could relate to positional effects at other genes in the region. However, none of the rodent models or human mutations disrupting other genes in this region have been associated with a comparable neurobehavioral and obesity phenotype. Nonetheless, we cannot exclude the possibility of disruption of other genes of unknown function. As yet, we have not fully characterized the distal breakpoint and thus cannot exclude the possibility that a centrally expressed gene is disrupted either directly or indirectly. However, inspection of the human transcript map revealed no other obvious candidate genes near either inversion breakpoint.
There is evidence from other chromosomal rearrangements involving 11p to suggest that the 11p12-14 region harbors an important gene for the regulation of body weight. Chromosomal deletions spanning 11p11.2-p14.1 have been reported in WAGR syndrome associated with obesity (20) . Borg et al. (21) recently reported a patient with mild mental retardation, dysmorphic features, and obesity who had a complex chromosomal translocation, t(3;12), and an additional balanced translocation, t(11; 21)(p14;q22.1), with a chromosome breakpoint mapping to within 100 kb downstream of BDNF.
The cognitive findings reported here are consistent with the role of BDNF in learning and memory. Both the proband and the patient with a mutation in TrkB showed general impairments of intelligence, language, numeracy, attention, and memory. BDNF has been implicated in hippocampal function throughout the lifespan (22) ; therefore, everyday memory deficits were expected in these two patients. BDNF is known to play a role in the development and maturation of neurons in brain regions other than the hippocampus; thus, BDNF haploinsufficiency would be expected to be associated with the more general profile of cognitive dysfunction that we observed.
Interestingly, despite the similarities in their impaired cognitive function, the two patients showed different profiles on the Sunderland Memory Questionnaire and the Social Communication Questionnaire, with the BDNFhaploinsufficient patient performing in the normal range on both, while the TrkB patient was rated to be impaired on both. Although performance on the Sunderland Memory Questionnaire has been reported to be consistent with performance on standardized memory assessments (23), it is possible to obtain inconsistent results, as in the proband, as the tests tap different aspects of memory. Furthermore, poor performance on formal testing might also reflect difficulties in focusing attention and/or comprehending task instructions.
It is possible that a child with a TrkB mutation may be impaired on all tests including social communication (i.e., frontal lobe damage and more general brain damage) and, thus, be more severely affected than a child with BDNF haploinsufficiency, as TrkB is also the receptor for the neurotrophin NT4/5. However, as there is considerable overlap between BDNF and NT4 in terms of brain expression and in terms of effects on long-term potentiation and memory (24) , it is impossible to reliably attribute these subtle differences between two patients to loss of one ligand versus loss of the receptor with any degree of confidence. Whereas the involvement of BDNF in the development of the forebrain and in functions of learning and memory has long been established, a possible role in energy homeostasis has emerged much more recently. In the hypothalamus, BDNF is expressed predominantly in the ventromedial hypothalamus (8) but also in the dorsomedial hypothalamus (25) and possibly other hypothalamic areas. Expression is nutritionally regulated (8) and, at least in the dorsomedial hypothalamus, appears to be regulated by leptin (25) . There is some evidence to suggest that BDNF-expressing neurons may lie downstream of MC4R neuronal pathways, as ventromedial hypothalamus mRNA levels are reduced in mc4r-null mice and restored by administration of the melanocortin agonist MT-II (8). It is notable that both the patient with the TrkB missense mutation and this patient are markedly hyperphagic and obese (18) . This is consistent with the increased food intake and obesity seen in the bdnf heterozygous-null mice (11) and the trkB hypomorphic mouse (8) .
Neural growth factors such as BDNF may influence energy balance either through their effects on the development of the hypothalamus or by being dynamically regulated neurotransmitters involved in hypothalamic feeding circuits. In rodents, there are no gross morphological changes in the brains of bdnf heterozygous-null mice, and they remain responsive to the administration of BDNF with a reduction in food intake comparable with wild-type mice, suggesting that BDNF-responsive pathways are intact (11) . Also, the postnatal conditional BDNF knockout exhibits increased food intake and is obese (12) . Thus, the rodent data suggest that the effects of BDNF on energy homeostasis cannot be explained simply by a lack of development of BDNF-responsive circuits in the hypothalamus.
An alternative mechanism is that BDNF modulates synaptic plasticity. It is impossible to directly test whether synaptic plasticity is relevant in the human brain. However, it is worth noting that the most studied plasticity phenomenon, long-term potentiation in relation to learning and memory, is mediated by BDNF; thus, it is very plausible that BDNF may exert similar effects on hypothalamic feeding circuits.
Modulation of synaptic plasticity may offer a novel therapeutic approach for the treatment of human obesity. Flier and colleagues (26) recently demonstrated that another neuronal growth factor, ciliary neurotrophic factor, could promote neurogenesis in the adult mouse hypothalamus, and this mechanism may explain the long-term resetting of body weight "set points" seen in obese patients treated with the ciliary neurotrophic factor analog, axokine.
In summary, by describing the clinical and phenotypic features of a child with loss of one functional copy of BDNF, we have provided some of the first direct evidence for the functions of this important neurotrophin in the human brain. Understanding the mechanisms whereby BDNF regulates hypothalamic neuronal circuits may have potential therapeutic benefits for the treatment of human obesity.
